.. three-dimensionality and, at high velocity, turbulence effects impart a high degree of complexity to the flow.
Although curved duct flows have and continue to be investigated experimentally, a substantial portion of the knowledge acquired derives from analytical studies and, more recently, detailed numerical calculations. A review of experimental, analytical and numerical studies up to 1975 is given in [1] . Examples of analytical and numerical· studies for the laminar floW regime are'given ;n, [2] [3] [4] [5] [6] , ,and for the turbulent flow regime (using two-equation turbulence models) i,n [7] [8] [9] . While the laminar flow cases have yielded to numerical prediction and are currently limited mainly by cost considerations dictated by computational time and storage requirements, calculations of corresponding Motions driven by buoyant forces arise ducts with curvature the criterion is given turbulent flows are less accurate [9] .
in flows in which Gr/Re 2 > 1. In
by Gr/De 2 ,(:' 1, where the Dean number (De) characterizes the intensity of the cross-stream flow driven by an imbalance between centrifugal and radial pressure-gradient induced forces. Depending on the relative orientation (with respect to gravity) of a curved duct geometry and the ratio of buoyant to inertial forces, reversed flow regions can be expected to appear in curved duct flows subjected to thermal effects. Examination of the literature published to date suggests that, although forced convection heat transfer has been investigated (see, for example, [5] ), thermally induced buoyant motion in developing curved duct flow has peceived comparatively little attention [2, 10, 11] . 'This ;-s the case in spite of the relativeeasewHh which conditions are attained propitious to the occurrence of the phenomenon. Thus, the attendant consequences on heat and mass transfer remain unknown for many systems of practical interest with natural convection present. Such systems include coiled chemical reactors, bends and tees in gas and oil pipelines, ventilating conduits in buildings, and various types of clinical flows. For example, in a coiled tube with a chemical (or chemical reaction) sensitive to localized temperature differences, it would be desirable to know the number and extent of regions of flow reversal induced by buoyant motion as well as the intensity of the latter.
The lack of detailed experimental information bearing on buoyant motions in curved passages with heat transfer is probably due, in part, to serious difficulties and large uncertainties associated with measurement techniques in such flows. While some of the difficulties and experimental uncertainty can be removed by using non-intrusive techniques, such as laser-Doppler velocimetry for measurements of velocity, the insertion of probes for measuri ng temperature will perturb the flow. Perturbations of this nature would be especially severe in regions of flow reversal. Given the considerable difficulties associated with making measurements, it is surprising to find that no attempt has been made (to the authors' knowledge) to investigate numerically the influence of buoyant effects on the motion and heat transfer in developing curved duct flows. In principle, the accuracy of such computations in the laminar flow regime for an incompressible fluid are limited only by the nature of the equations solved (parabolic, semi-elliptic or elliptic)l and the error incurred lFor flows in ducts of mild curvature wherein longitudinal and cross-stream pressure variation can be decoupled, calculation schemes based on parabolic forms of transport equations [6] (boundary layer equations) may be used. For stronger curvature it is necessary to account more exactly for ellipticity in the pressure field [12] , or resort to semi-elliptic or fully elliptic calculation schemes which allow for the direct determination of pressure [3] [4] [5] 8 , 9]~-.
..
. .
• ' .. The choice of conditfons was dictated by the availability in [3] of corresponding measurements and calculations of this flow in the absence of thermal effects.
,"
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EQUATIONS, BOUNDARY CONDITIONS AND CALCULATION PROCEDURE
Calculations were based on fully elliptic~ three-dimensional finite difference forms of the steady state conservation equations for momentum and energy. The calculation scheme and its testing have already been described in detail in [3, 4] . Its extension and validation for predicting forced convection heat transfer in curved duct flows may be found in [5] . A brief outline is given here of the adaptation of the calculation scheme in [5] to flows with buoyant effects to which the Boussinesq approximation apply.
Equations
Transport equations in cylindrical coordinates 2 for a steady, incompressible, variable temperature, laminar flow are given by:
Conti nui ty.
aV r 1 av~ . av z vr_
Momentum.
[ aVr ~ aV r aV r ~J
2In the upstream and downstream tangents, calculations were performed using equations expressed in terms of rectangular coordinate notation. Boundary conditions were overlapped between duct sections as explained in [3] .
[ 2 2 aV r ~J
Energy. (5) where (6) These equations correspond to the buoyancy-opposed flow geometry in Figure 1 .
For a buoyancy-assisted flow geometry, the sign for 9 in the momentum component equations must be reversed.
The Boussinesq approximations. [13, 14] have been used in deriving the forms of the equations given above. The range of validity of the approximate equations has been documented,in [14] .for the.case of natural convection in a horizontal fluid layer, corresponding·to the Rayleigh-Bernard problem.
Boundary Conditions
It is required to solve (1)- (5) together with the boundary conditions given below.
Entrance plane (upstream tangent).
Exit plane (downstream tangent).
with overall continuity of mass and energy imposed.
Side walls. 
(8)
Finite difference equations are obtai.ned by integrating (1) .. for So and Sp in variable property flows are available in [15] .
Solution of the system of finite difference transport equations with appropriately differenced boundary conditions is achieved by means of a cyclic series of predictor-corrector operations as described in [3, 4] . Briefly, the method . .
... pS(T -Tin) respectively) were always less than 0.1% of the corresponding gravity terms and, hence, negligibly small. Nevertheless, the influence of centrifugal andCoriolis forces could be significant in a gravitational-free situation and, therefore, were retained in the present formulation.
At high values of Grashof (Gr ~ 3 x 10 6 ), serious convergence problems were encountered. The instabil ity was not in the nature of that described in, for example, [16] , due to large Coriolis forces. More likely it was related to the pressure correction technique derived by substitution of linearized velocity expression (in terms of pressure) into the continuity equation [17] .
The behavior at high Gr was exactly similar to not using sufficiently low under-relaxation factors when calculating the reference and low Gr number cases. Further lowering of the under-relaxation factors would have led to unrealistically long calculation times for converged solutions at high Gr.
To avoid this approach, other possible remedies were investigated such as to: ..
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DISCUSSION OF CALCULATED RESULTS
Calculations were performed for the two cases described above and for a reference flow of identical conditions [5J in which buoyant contributions .to heat transfer were neglected. In all cases, regions of streamwise flow reversal were predicted .
Two recirculation zones, common to the three cases, were found to occur in the curved duct section and were symmetrically located at the outer-radius The temperature profiles given in Figure 5 do not show the marked differences of the longitudinal velocity component. Nevertheless, the differences which do arise are in basic agreement with the discussion presented above in connection with the velocity components as influenced by buoyant effects. It is worth noting that, in passing from the bend into the downstream tangent, the buoyancy-assisted flow attains a higher average temperature than the buoyancy-opposed flow.
The peripheral variation of local Nusselt number (calculated from Nu = (aTldn x DH)/(T w -T B ) is shown in Figure 9 at a location of cp = 87 degrees in the curved duct section. Values for Nu have been set to 0 at the duct corners.
The 1 a rges t di fferences between Nu a ri se at the inner-radi us wa 11. It is c 1 ea r that the net result of buoyancy at this wall is to enhance heat transfer to the flow, by a facto·r of about 2, when buoyant forces are aligned with (rather than. Coordinate system and calculated curved duct geometry indicating relative orientation of gravity. Case A, buoyancy-opposed flow; Case B, buoyancy-assisted flow. .. ..... , .
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